Introduction
============

Vigilance states in mammals pass through cyclic alterations between wake and sleep states. These alterations involve extensive changes in physiological functions. A fundamental behavior like sleep-wakefulness is organized at all levels of the neuraxis. The induction, maintenance and timing of wake, non-rapid eye movement sleep (NREM) or slow wave sleep (SWS), and rapid eye movement (REM) sleep are the products of complex interactions among multiple structures and mechanisms which are widely distributed throughout the brain. According to the classical concept, reciprocal interaction between sleep and wake promoting systems ensures that the behavioral state of sleep-wakefulness is altered as per requirement. Prominent among these sleep-promoting structures are the pontine tegmentum and adjacent neuronal groups involved in the generation of REM sleep features. On the other hand the NREM sleep is promoted by several areas including the medial preoptic area (mPOA), the lateral preoptic area (lPOA), the ventrolateral preoptic area (vlPOA), the median preoptic nucleus (mnPO), and the medial septum, which are referred to as basal forebrain (BF) areas (Sherin et al., [@B75]; John and Kumar, [@B24]; Gong et al., [@B12]; Lu et al., [@B44]; Srividya et al., [@B76], [@B77]).

There are external and internal factors that influence the swing of sleep-wakefulness toward either sleep or awake state. Several internal signals, including sleep inducing substances, are sleep facilitating (Hayaishi, [@B19]; Porkka-Heiskanen et al., [@B65]). BF should be considered as part of the neural mechanism through which many of these internal signals act. There is enough evidence to suggest that they integrate sleep with body temperature, hunger, thirst, circadian cycles, neuroendocrine outputs, homeostatic mechanisms, autonomic responses, and stereotyped behavior (Kumar, [@B38]). The BF plays a strategic role in integrating thermoregulation and sleep regulation. Way back in 2005 it was suggested that the circadian modulation of body temperature is possibly involved in altering sleep propensity (Kumar, [@B37]). Since then several findings have emerged which have given us enough evidences to state with confidence that the thermoregulatory mechanism modulates the auto-regulated sleep. The present review focuses on the influence of the BF thermoregulatory mechanism on sleep-wakeful state, which ultimately brings about the intimate complementary homeostatic regulation of these two important physiological functions.

Thermoregulation
================

Body temperature regulation is a fundamental homeostatic function that is regulated by the central nervous system in all homeotherms including man. The POA is considered as the most important thermoregulatory site in the brain on the basis of thermoregulatory responses elicited by local warming and cooling, lesion, stimulation and single neuronal recording, and many other techniques (Nakayama et al., [@B54], [@B55]; Boulant and Hardy, [@B9]; Boulant, [@B6]; Boulant and Dean, [@B8]). Local cooling of the POA evokes non-shivering thermogenesis as well as shivering thermogenesis (Hammel, [@B17]; Imai-Matsumura et al., [@B23]). Local warming evokes cutaneous vasodilatation as well as salivary secretion in rats (Kanosue et al., [@B27], [@B28]). The thermosensitive neurons in the POA receive and integrate cutaneous and deep body thermal information. These neurons are tonically active at thermoneutral temperature, and control the thermoregulatory efferent pathway (Nakayama et al., [@B54], [@B55]). Lesion studies in rats had provided information that proved invaluable in the understanding of the thermoregulatory function of the BF. After selective destruction of the POA neurons (using local injection of NMDA) there was an increase in body temperature (Kumar et al., [@B39]; John and Kumar, [@B24]; Kumar, [@B36], [@B37]). This hyperthermia produced by the NMDA lesion of the POA was without impaired heat defense abilities (Kumar and Khan, [@B40]). The POA neuronal lesion produced an increase in the range of thermostat setting, rather than a failure in thermoregulation *per se*. In other words, the POA is important for regulating body temperature at the "set temperature." On the other hand, classical electrolytic lesion of the POA that destroys neurons and fibers, produces drastic deficit in thermoregulation (Szymusiak and Satinoff, [@B82]). One can conclude that several other structures, including those fibers are connecting or passing through the POA, would be playing a major role in thermoregulation.

Sleep Regulation
================

The existence of sleep-wake promoting areas in the brain was first indicated by von Economo. Post-mortem examination of the brains of *Encephalitis lethargica* patients with hypersomnolence showed that they had lesions at the junction of the midbrain and the diencephalon (von Economo, [@B89]). On the other hand, some patients with lesion in the anterior hypothalamic-POA (POAH) had insomnia. The concept of the POA as a sleep-promoting area and the posterior hypothalamus as the wake promoting area was supported by several lines of animal experiments employing stimulation, lesion, single unit recording, neural transplantation, functional magnetic resonance imaging (fMRI), and c-fos studies (Nauta, [@B56]; Sterman and Clemente, [@B78]; McGinty and Sterman, [@B49]; Szymusiak and McGinty, [@B80]; John et al., [@B25], [@B26]; Sherin et al., [@B75]; John and Kumar, [@B24]; Khubchandani et al., [@B29]). Electrical stimulation of BF was shown to produce drowsiness followed by natural behavioral and electroencephalographic sleep (Sterman and Clemente, [@B78]). Conversely large lesions of these areas resulted in decrease in sleep and disruption of sleep cycle (Szymusiak and Satinoff, [@B82]). Neurons that increase their overall rate of discharge during SWS were found in the BF. Clinical evidence and experimentations over the last 80 years have led to the prevailing hypothesis that BF has SWS promoting or hypnogenic structures. More recently, sleep active neurons have been found to be concentrated in the vlPOA and mnPO (Gong et al., [@B12]; Lu et al., [@B44]). The importance of these cell groups is evident from c-fos expression during sleep state (Sherin et al., [@B75]).

Ambient Temperature and Sleep
=============================

Apart from the subconscious mechanisms for body temperature control, the body has yet another temperature-controlling mechanism that is even more potent. This is the behavioral control of temperature. Whenever the internal body temperature becomes too high, signals from the brain temperature-controlling areas give the person a psychic sensation of being overheated. Conversely, whenever the body becomes cold, signals from the skin, and from the deep body receptors, elicit the feeling of cold discomfort. Therefore, the person makes appropriate environmental adjustments to re-establish comfort. Indeed, for man, this is the only really effective mechanism for body heat control in severely cold environment. But to study the neural mechanism involved in these regulations and interrelation we depend a lot on the information obtained from lower animals.

It was shown in cats that the sleep was maximal at thermoneutral zone (TNZ) and that it decreases above and below TNZ (Parmeggiani et al., [@B62]). Subsequently several reports showed that the ambient temperature (*T*~amb~) produces complex changes in both NREM/SWS and REM sleep. The changes in sleep-wakefulness were studied in rats when they were exposed to different ambient temperature of 18, 24, and 30°C (Thomas and Kumar, [@B84]). There was an increase in REM sleep and SWS, and a decrease in wakefulness at higher ambient temperature of 30°C. Even chronic exposure to 30°C produced persistent increase in REM sleep (Mahapatra et al., [@B46]). The increase in sleep was primarily due to an increase in the duration of sleep episodes. According to one report on rats, NREM sleep and the metabolic rate were not affected much in between 23 and 31°C. However, the amount of REM sleep was at its peak at 29°C, and a marked decrease occurred at 33°C (Szymusiak and Satinoff, [@B81]).

Exposure of rats to gradual increase in ambient temperature from 18 to 30°C produces a linear increase in the percentage of REM sleep (Szymusiak and Satinoff, [@B83]; Thomas and Kumar, [@B84]; Kumar et al., [@B35]). The increase in the amount of sleep may be considered as an adaptation to thermal load aimed at energy conservation (Obal et al., [@B58]). It is interesting to note that REM sleep is influenced by ambient temperature even within TNZ. When human subjects were exposed to a range of ambient temperature, total sleep time (TST), NREM, and REM sleep were maximal at 29°C (Haskell et al., [@B18]). But when they were exposed to *T*~amb~ of 35°C, there was fragmented sleep with decrease in TST and increase in wakefulness, without any change in REM or delta sleep (Libert et al., [@B43]). Moreover, heat was found to be more potent as a sleep disruptor than noise (Libert et al., [@B42]).

Sleep is reduced when the *T*~amb~ is lowered (Parmeggiani and Rabini, [@B61]; Schmidek et al., [@B73]; Szymusiak and Satinoff, [@B83]; Alföldi et al., [@B3]; Rosenthal and Vogel, [@B71]; Ray et al., [@B66]). In rats, there is a linear decrease in the percentage of REM sleep from 24 to 10°C (Valatx et al., [@B86]; Alföldi et al., [@B3]; Kumar et al., [@B35]). Though the REM sleep is more sensitive to ambient temperature changes, SWS is also decreased at low ambient temperature. The TST, SWS, and REM sleep are decreased in rats when they are exposed to *T*~amb~ of 18 ± 1°C for a few hours (Thomas and Kumar, [@B84]; Mahapatra et al., [@B46]). It was suggested that the central nervous system calls for an increase in the amount of arousal, at the expense of the sleep stages, especially REM sleep, in order to maintain the body temperature (*T*~b~) when the *T*~amb~ is low (Parmeggiani and Rabini, [@B61]; Alföldi et al., [@B3]). An increase in arousal in cold *T*~amb~ is necessary for the production of more heat (Schmidek et al., [@B73]; Parmeggiani et al., [@B63]). In other words, the functional state of wakefulness enables the organism to optimize thermoregulation. The central thermoreceptors have also been shown to activate non-shivering thermogenesis (Chen et al., [@B10]).

Thermoneutral Temperature and Sleep
===================================

As sleep is said to be influenced by *T*~amb~ and the REM sleep is said to vary within the TNZ, it is important to address the question of TNZ for small animals. According to the first edition of the *Glossary of Terms* by the Commission for Thermal Physiology of the International Union of Physiological Sciences (Bligh and Johnson, [@B5]), TNZ is defined as "The range of *T*~amb~ within which metabolic rate is at a minimum, and within which temperature regulation is achieved by non-evaporative physical processes alone." Many methods have been used to determine the TNZ in various animals. The TNZ for laboratory animals described in the literature, based on minimal metabolic activity, maximal REM sleep, or the preferred temperature, are wide and contradictory. The most widely used method, i.e., minimum metabolic rate, has found the TNZ to be between 18 and 28°C (Poole and Stephenson, [@B64]). Many others have described a range of 28--34°C (Herrington, [@B20]; Clarkson et al., [@B11]; Gordon, [@B13]). According to another definition, the TNZ is "the range of *T*~amb~ at which temperature regulation is achieved only by control of sensible heat loss." Based on this the TNZ for Wistar rats have been reported to be between 29.5 and 30.5°C (Romanovsky et al., [@B70]). Thus the suggested TNZ from all these studies vary from 18 to 34°C. Such contradictions described above emphasize that the TNZ for a given species, as determined by using a particular technique, is of little help in selecting the *T*~amb~ for another study using a different variable. Therefore, before determining the responses to *T*~amb~ on sleep, it makes sense to determine the TNZ of the animal using the behavioral criteria. One of the convenient methods is to study the preferred temperature (thermal preferendum) of the animal. Thermal preference has been traditionally studied in a thermogradient, or thermocline. Thermogradient is a narrow metallic tube inside which, the animal stays in contact with thermoconductive floor and walls and is exposed to a unique, highly hetero-thermal radiant field. The thermal environment inside these devices is drastically different from the animal's typical home cage. Even the heat exposure at head and tail are different in this device. The animal cannot also indulge in its normal exploratory activity without going into uncomfortable *T*~amb~. Therefore an environmental chamber was designed to allow free movement of the animal in an environment resembling home cage (Figure [1](#F1){ref-type="fig"}). The advantages of the chamber are that: (i) it allows free movement of the animal from one chamber to another; (ii) the entire animal is exposed to a particular temperature; (iii) each chamber is similar to the others except for the *T*~amb~; (iv) all chambers have home cage environment with husk, food, and water bottle; (v) the vibration sensitive base of the chambers allows instrumental (automatic) recording of the time spent in each chamber; (vi) the vibration sensitive base allows recording of the activity of the animal at each thermal environment; (vii) animal has the freedom to retrace its step, if it goes to an environment that is not preferred; (viii) using telemetric recording devices, sleep and body temperature of the animal can be recorded along with its thermal preference; and (ix) these chambers are sound attenuated to prevent distraction by external noise. Three different sets of temperatures (first set: 18, 24, and 27°C; second set: 24, 27, and 30°C; and third set: 27, 30, and 33°C) were employed to study the thermal preference while looking into the influence of *T*~amb~ on sleep architecture. Using this chamber it was found that the rats preferred to stay at 27°C, while the maximum sleep was obtained at 29--30°C (Ray et al., [@B66], [@B67]; Kumar et al., [@B35], [@B34]).

![**Schematic diagram of environmental chamber having three different ambient temperature (18, 30, and 33°C) in the three interconnected compartments**.](fneur-03-00102-g001){#F1}

The temperature at which REM sleep is maximal is sometimes considered as TNZ by some scientists (Szymusiak and Satinoff, [@B81]). The underlying assumption is that the animal goes into REM sleep only when internal and external conditions, including thermal environment, are the most favorable. Based on this definition of TNZ, 30°C is considered as thermoneutral temperature for Wistar rats (Romanovsky et al., [@B70]). Monitoring of body temperature (*T*~b~) along with sleep-wakefulness at different *T*~amb~ showed that behavioral criteria should be given due importance while looking for TNZ for sleep studies (Kumar et al., [@B35]). Sleep-wakefulness recordings during the day time in the nocturnal rats showed that the sleep followed a bell-shaped distribution, with a maximum during 11:00--15:00 hours (Figure [2](#F2){ref-type="fig"}). The *T*~b~, on the other hand, showed a reversed bell-shaped curve. The trough of *T*~b~ curve could be attributed to diurnal influence and sleep-related change (Obal et al., [@B57]; Alföldi et al., [@B3]; Baker et al., [@B4]). The *T*~b~ trough disappeared at 30°C, though maximal REM sleep was recorded at the *T*~amb~ of 30°C. The increased sleep at around the *T*~amb~ of 30°C may be a response to thermal load aimed at energy conservation (Obal et al., [@B58]). It was seen that the increase in thermal load at 30°C attenuated the diurnal lowering of *T*~b~. The ability to oppose diurnal shift in the *T*~b~ resides in the POA, as the lesion of this area produced higher diurnal change in the *T*~b~ in golden hamsters (Osborne and Refinetti, [@B59]). The POA could be involved in fine-tuning the body temperature to regulate sleep as per the requirement (Thomas and Kumar, [@B85]; Kumar, [@B37]).

![**Sleep-wake stages (bar diagram) and body temperature (line diagram) in 2 h bin at 27 and 30°C ambient temperature**. Sleep parameters and body temperature recording for 6 h (11:00--17:00 hours) at 27 and 30°C was preceded by 2 h baseline recording (9:00--11:00 hours) at 27°C. *X*-axis shows the time of the day. *Y*-axis shows percentage time (mean ± SD) of recordings (bar diagram) in sleep-wakefulness and body temperature (line diagram). \**p* \< 0.05, \*\**p* \< 0.01, shows significance of change in each 2 h (11:00--13:00, 13:00--15:00, and 15:00--17:00 hours) compared to baseline (9:00--11:00 hours) data. ▴*p* \< 0.05, shows significance of change in three 2 h bin (11:00--13:00, 13:00--15:00, and 15:00--17:00 hours) at 30°C compared to time matched bin of 27°C.](fneur-03-00102-g002){#F2}

Though the maximum sleep was recorded at 30°C, the thermoregulatory diurnal oscillation was least disturbed only at 27°C *T*~amb~. So, *T*~amb~ around 27°C, which is preferred by the rats, where the diurnal oscillations of these parameters are properly expressed, should be considered as the TNZ for rats. It should also be kept in mind that *T*~amb~ that is comfortable for sleep may not be comfortable for activity during wakeful period.

Influence of Body and Brain Temperature on Sleep
================================================

Stimulation of central thermoreceptors by circulating blood temperature is likely to be an important source of impulses driving sleep inducing structures of BF (Moruzzi, [@B52]). Body and brain temperatures of rats are increased by more than 1°C when the ambient temperature is increased from 21 to 29°C (Alföldi et al., [@B3]). This increase in body and brain temperatures may be responsible for the increase in SWS/NREM in animals and human subjects at warm *T*~amb~ (Horne and Staff, [@B22]; Horne and Shackell, [@B21]; Shapiro et al., [@B74]; McGinty and Szymusiak, [@B47]; Morairty et al., [@B51]). This possibility is supported by the observation that local warming of the POA using chronically implanted water perfused thermode triggered SWS or EEG slow wave activity in rats, rabbits, and cats (McGinty and Szymusiak, [@B48]). In kangaroo rats SWS could be tonically increased for several hours during continuous warming of the POA (Sakaguchi et al., [@B72]). Delta activity is also increased during this sustained SWS. Sustained increase in delta activity supports a hypothesis that sleep drive is modulated by thermosensitive neurons of the POA. On the other hand, both SWS and REM sleep were suppressed by mild cooling of the POA.

Warm sensitive neurons (WSN) and cold sensitive neurons (CSN) have been identified in the POA on the basis of *in vivo* and *in vitro* studies (Nakayama et al., [@B54], [@B55]). These neurons are identified on the basis of responses to local warming or cooling. Most WSN are sleep active, whereas CSN are wake active. The activities of posterior hypothalamic neurons, dorsal raphe in the midbrain, lateral hypothalamic orexinergic neurons, and BF cholinergic neurons are inhibited by the POA warming (Krilowicz et al., [@B32]; Alam et al., [@B1]; Guzman-Marin et al., [@B15]; Methipara et al., [@B50]). These findings suggest the possibility that the WSN of the POA do have an inhibitory action on the arousal promoting neurons. Results from the POA warming studies indicate a homeostatic regulation by which sleep is promoted during mild rise of body temperature, which not only plays a thermoregulatory role but also serves as a protective mechanism to prevent the animal from venturing into a hostile thermal environment.

Role of Thermoreceptors in Ambient Temperature Related Sleep Changes
====================================================================

Based on the results of several studies it is concluded that both ambient and body temperatures profoundly influence sleep architecture (Horne and Staff, [@B22]; Obal et al., [@B58]; Szymusiak and Satinoff, [@B83]; Horne and Shackell, [@B21]; Shapiro et al., [@B74]; McGinty and Szymusiak, [@B47]; Morairty et al., [@B51]; Thomas and Kumar, [@B84]; Kumar et al., [@B35]). The thermoregulatory pathway which initiates heat and cold defense response is conveyed by skin thermoreceptors, en route dorsal horn, and parabrachial nuclei, to the POA (Nakamura, [@B53]). It is natural to assume that changes in sleep brought about by *T*~amb~ is sensed and mediated by thermoreceptors. The roles of peripheral and central thermoreceptors have been investigated in order to get an insight into the role of afferent thermal inputs, from periphery and core, in the promotion of sleep. Capsaicin has been traditionally used for destruction of thermoreceptors and WSN. In an earlier report, sleep-wakefulness was studied in normal and capsaicin-treated rats when they were placed at *T*~amb~ of 22 and 29°C (Obal et al., [@B58]). There was an increase in sleep at the elevated temperature of 29°C, though REM sleep showed only a minor increase. The ambient temperature related increase in NREM sleep was not seen after destruction of peripheral and central warm receptors.

There are different experimental models to explore the relative role of peripheral and central thermoreceptors in the *T*~amb~ mediated sleep mechanism. In the first model, systemic administration of capsaicin in high doses destroys both peripheral and central warm receptors. In the second model, local application in the POA destroys WSN in this region only. In the third model, when neonatal rats are treated with capsaicin, their peripheral thermosensitivity is lost, while their central thermoregulatory neurons are preserved (Hajós et al., [@B16]). As mentioned earlier, when the rats were exposed to 27, 30, and 33°C, the rats had maximum sleep at 30°C, though they preferred to stay at 27°C. When both peripheral and central warm receptors, were destroyed in these rats (by systemic administration of capsaicin), the selective increase in REM sleep at 30°C was not seen (Kumar et al., [@B34]). When peripheral warm receptors were selectively destroyed by neonatal treatment of capsaicin, the central warm receptors were able to mediate an increase in TST with increasing *T*~amb~, even in the absence of peripheral warm receptors (Gulia et al., [@B14]). This shows that the central WSN mediate the warm *T*~amb~ related increase in SWS and REM sleep. When WSN of the POA were destroyed by local injection of capsaicin, the increase in REM sleep and SWS at 30°C was not observed. SWS peak was brought down to 27°C, and REM sleep peak shifted to a higher temperature of 33°C, in these animals. The study clearly indicates that WSN of the POA mediate the increase in SWS, at temperatures higher than preferred *T*~amb~. It also showed that the REM sleep generation is under some sort of inhibitory control of the WSN of the POA. The study shows that the neurons of the POA play a key role in regulating sleep as per homeostatic requirement (Kumar et al., [@B33]).

Interlinking Thermoregulation and Sleep
=======================================

Much attention has been given to the physiological role of the POA, because of its ability to control thermoregulation and sleep. Many of the observations cited earlier support the hypothesis that sleep is modulated by thermosensitive neurons of the POA (Parmeggiani et al., [@B63]; Obal et al., [@B58]; McGinty and Szymusiak, [@B47]). Although this relationship has drawn considerable interest, it is still not known whether there is a "cause and effect" relationship or whether these changes are merely coincidental. There are some direct and indirect observations that give answers to this fundamental question. Single unit studies clearly demonstrate that the POAH neurons, likely to be responsible for thermoregulation, are influenced by vigilance states (Alam et al., [@B1]). The thermosensitivity of the POA neurons are reduced during SWS as compared to wakeful state (Parmeggiani et al., [@B60]). During SWS, a majority of WSN of POAH exhibit increased discharge rate. CSN exhibit less discharge during SWS and decreased thermosensitivity. The activation of these sleep-related WSN and inhibition of wake related CSN may play a role in the onset and regulation of SWS (Alam et al., [@B2]). It could also be assumed that the POAH neurons which are responsible for sleep-wake modulations are thermosensitive (Szymusiak and McGinty, [@B79]; McGinty and Szymusiak, [@B48]). Most of the assertions that thermoreceptive elements control sleep regulation are based on results obtained from warming and cooling of the POAH neurons using thermodes. Warming of the POAH has been shown to suppress activity in the wake related magnocellular BF and posterior lateral hypothalamus of cats (Krilowicz et al., [@B32]; Alam et al., [@B1],[@B2]) and dorsal raphe and lateral hypothalamus of rats (Guzman-Marin et al., [@B15]; Methipara et al., [@B50]). These results suggest that WSN of the POAH may play a key role in the regulation of SWS sleep (Alam et al., [@B1],[@B2]; McGinty and Szymusiak, [@B48]). Evidences chemical stimulation studies in support of alteration in sleep by thermoregulatory system is described in detail elsewhere (Kumar, [@B37]). So, the modulation of sleep-wake state by POAH thermosensitive neurons must be viewed as a distinct possibility.

Diurnal Temperature Rhythm Influences and Sleep Propensity
==========================================================

The influence of diurnal temperature rhythm on sleep is best studied in man. Both skin temperature and core body temperature show a day-night rhythm. In humans, the core temperature is relatively low during sleep at night and it is relatively high during waking period during day time. Skin temperature also exhibits a circadian rhythm, but its changes are reciprocal to that of the core body temperature rhythm (van Someren, [@B88]). The core body temperature and sleep propensity are negatively related, whereas skin temperature and sleep are positively related (Magnussen, [@B45]; Lack and Lushington, [@B41]). The degree of heat loss at the skin of the hands and feet is said to be the best physiologic predictor for a rapid sleep onset (Kräuchi et al., [@B30], [@B31]). It was suggested that that autonomous thermoregulatory changes in core body temperature and skin temperature could act as an input signal to modulate neuronal activity in sleep-regulating brain areas (van Someren, [@B87]). The activities of thermosensitive neurons in the POAH, are suggested to be modulated more strongly by changes in skin temperature, than by changes in core temperature (Boulant and Bignall, [@B7]). Manipulation of the skin temperature within the TNZ can modulate sleepiness and sleep depth, even without activating thermoregulatory responses (Raymann et al., [@B69]). Even mild changes in skin temperature that occur during normal sleep can have an effect on sleep propensity not only in young adults but also in elderly subjects (Raymann and Van Someren, [@B68]).

Some Temperature Related Changes in Sleep that may not Involve Thermoreceptors
==============================================================================

While emphasizing the role of thermoreceptors in sleep regulation, it should not be forgotten that the increase in sleep, especially REM sleep, on increasing the *T*~amb~ from 18 to 30°C, is not abolished by destructions of both peripheral and central WSN (Figure [3](#F3){ref-type="fig"}). Moreover, REM sleep was increased even at *T*~amb~ of 33°C after WSN of the POA were destroyed. This indicates that we cannot attribute all the *T*~amb~ related changes in sleep to the POA thermoreceptors.

![**Rapid eye movement sleep and slow wave sleep (% mean ± SD) at different ambient temperature in rats before and after destruction of (A) peripheral and central warm receptors, (B) only peripheral warm receptors, and (C) only preoptic warm sensitive neurons**. \**p* \< 0.05, significance of change at different ambient temperature compared with 27°C. †*p* \< 0.05, significance of change at different ambient temperature compared with 18°C ^+^*p* \< 0.05, ‡*p* \< 0.01, significance of change between before and after destruction.](fneur-03-00102-g003){#F3}

Though sleep-wake modulation by thermosensitive neurons is almost certain, it is difficult to assert that they are only responsible for temperature related sleep promotion. Manipulation of POAH temperature will affect not only thermosensitive neurons that are responsible for thermoregulation, but also those non-thermosensitive neurons which are responsible for sleep promotion. Though POAH thermosensitive neurons have a Q10 \> 3, the influence of local warming on non-thermosensitive sleep-promoting neurons cannot be excluded. Moreover, sleep is promoted by not only the POA but also by several other structures at multiple neuronal levels. There are also extra-preoptic sites for thermoregulation. As mentioned earlier, there was decrease in deeper stages of sleep (deep SWS and REM sleep) after the POA lesion (John et al., [@B25]; John and Kumar, [@B24]). The changes in S--W were also studied during exposure to a different ambient temperature after the destruction of the POA neurons by NMDA. Though the mPOA neuronal destruction produced a decrease in sleep, there was linear increase in sleep at higher temperature (Thomas and Kumar, [@B84]). In normal rats there was increase in long durations SWS episodes. But, on the other hand, in the lesioned rats, *T*~amb~ of 30°C produced an increase in the number of short durations SWS episodes. It has been hypothesized that POA is important for sleep maintenance as it was the sleep duration which was primarily affected by the POA lesion (John and Kumar, [@B24]). The warm environment could increase the amount of sleep even after the POA lesion but the higher ambient temperature was more efficient in initiating sleep rather than maintaining it. In other words the ability to maintain SWS was affected after the POA lesion and this ability could not be restored by exposure to a warmer environment. The findings indicate that the POA promotes sleep maintenance and for improves the quality of sleep at higher *T*~amb~. But it should be recognized that that the *T*~amb~ has a sleep promotion role which may not involve thermoregulatory mechanism.

Concluding Remarks
==================

Results from our laboratory and those from others collectively suggest that the ambient and body temperatures are important determinants of both quantity and quality of sleep. There is now growing evidence to suggest that sleep is auto-regulatory. But this auto-regulatory mechanism is constantly modulated by several factors, as per homeostatic requirement. Sleep-wakefulness is influenced by external input and internal feedback. In this context, thermoregulatory inputs are extremely important, as they can not only modulate sleep, but can also reset thermoregulation to ensure sleep homeostasis. Sleep and vigilance states oscillate as a result of dynamic interaction of wide spread neuronal network. Almost all the brain segments contribute toward modulating the sleep-wake cycle as per requirement. BF input, especially those related thermoregulation, forms an important component of this modulating neuronal network.
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